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Bismuth has been identified as a material of interest for electronic applications due to its extremely high

electron mobility and quantum confinement effects observed at nanoscale dimensions. However, it is

also the case that Bi nanostructures are readily oxidised in ambient air, necessitating additional capping

steps to prevent surface re-oxidation, thus limiting the processing potential of this material. This article

describes an oxide removal and surface stabilization method performed on molecular beam epitaxy

(MBE) grown bismuth thin-films using ambient air wet-chemistry. Alkanethiol molecules were used to

dissolve the readily formed bismuth oxides through a catalytic reaction; the bare surface was then

reacted with the free thiols to form an organic layer which showed resistance to complete reoxidation

for up to 10 days.
Bulk bismuth has been identied as a material of interest for
electronic applications, due to its extremely high electron
mobility (>104 cm2 V�1 s at 300 K).1 The lower Fermi velocity of
the surface states of Bi (111) and (110), coupled with larger
Fermi surface elements compared to the bulk, leads to a density
of states at the Fermi level that is higher at the surface, such that
the surface can be considered to be a pseudo-2 Dmaterial under
certain orientations.2,3 Bi nanowires have previously been
investigated for their thermoelectric properties due to their
small electron effective mass and highly anisotropic Fermi
surface.4

Thickness and crystallographic orientation are key parame-
ters that determine the electronic structure of Bi thin lms, the
rst as it affects the quantum connement of the material5 and
the second because of the strong electronic anisotropy6 of Bi.
The relatively large Fermi wavelength of Bi (approximately
40 nm (ref. 7)) can potentially lead to quantum connement
effects at nanoscale dimensions, e.g. semimetal-to-
semiconductor transitions have been both predicted5 and
observed8 in Bi nanostructures. This semimetal-to-
semiconductor transition in Bi has been utilised to form
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a semiconducting channel between semi-metallic source and
drain regions, in what is dened as a connement modulated
gap transistor (CMGT).9 This is a dopant-free transistor that
does not suffer from dopant uctuation and activation prob-
lems. Recently a hetero-dimensional rectier was formed on
bismuth thin-lms and consisted of a 3D semi-metallic region
next to a thin 2D semiconducting region.10 Rectifying behaviour
was observed in the Bi diode at room temperature, highlighting
that a ‘junction’ can be created without dopant atoms.

However, the fabrication of the Bi CMGTs relies on the
formation of the metal-semimetal junction in a UHV system in
order to prevent surface re-oxidation, as the surface has been
shown to readily re-oxidise when in contact with air, leading to
a decrease in resistance.8 While UHV oxide removal through RIE
is a simple process, it does not allow for surface passivation and
subsequent ambient air handling, requiring an additional
capping step to prevent re-oxidation of the device.

The oxidation of bismuth thin lms was rst reported by
Hapase et al.11 in 1967, who found that oxidation proceeds by
diffusion of the Bi from the thin lm through the oxide lm, as
previously hypothesised,12 via a Wagner mechanism. Further
studies then correlated the oxide thickness to a diffusion
equation and showed that a metastable crystal phase of the
oxide is present which evolves into a different stable phase upon
heating applied.13 In 1990 Puckrin et al.14 compared the oxida-
tion of bulk bismuth and thin lms using different spectros-
copy techniques and showed that, in both cases, BiO is the rst
oxide formed on the surface of the samples with a total thick-
ness of approximately 8 monolayers (ca. 2 nm). Further results
showed that prolonged air oxidation times lead to further
oxidation of the lm and to the formation of Bi2O3, which ties
This journal is © The Royal Society of Chemistry 2018
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back with the results described previously by Kowalczyk et al.15

Despite these reports, the oxidation behavior of Bi thin lms
has not been studied extensively.

Self-assembled monolayers (SAMs) formed by chemisorption
of alkyl thiols on the surface of various inorganic substrates
have been extensively reported in the literature; in particular,
their use as corrosion inhibitors has been explored on various
semiconductors16–19 and metals.20,21 There are two examples of
alkyl thiol adsorption on bulk Bi electrode surfaces; Adamovski
et al.22 reported the characterization of alkyl thiol adsorption
thickness via the diffusion blocking properties of the layer,
whilst Romann et al.23 characterized the formation of bismuth
thiolate at the surface of the electrode in the absence of a self-
assembled monolayer.

This article reports the rst example of SAM formation on Bi
thin lms via a wet chemical process (Scheme 1). The SAM
surfaces have been characterised via XPS, IR and AFM and show
that, in a similar fashion as for Cu surfaces,21 the alkyl thiol
plays an active role in removing the native bismuth oxide from
the thin lm surface and leads to subsequent stabilization of Bi
surfaces preventing complete re-oxidation. Whilst complete
oxide removal was not achieved for the lms, likely due to
a non-continuous passivating layer, the research highlights the
ability to remove oxide and passivate Bi surfaces outside of
a vacuum environment.

Bi lms used in this study (supplied by the research centre,
Jülich, in Germany) were grown by molecular beam epitaxy
(MBE) on undoped Si [111] substrates. Prior to bismuth depo-
sition, the Si substrates were chemically cleaned by the HF-last
RCA24 procedure to remove the native oxide and to passivate the
surface with hydrogen. The substrates were subsequently
heated in situ to 700 �C for 20 min to desorb the hydrogen atoms
from the Si surface. The Bi material ux was generated by an
effusion cell operated at a temperature of 550 �C, which yields
a growth rate of 17 nm h�1.8

A round bottom ask was preheated using a heating mantle
up to 180 �C and le at this temperature for 30 min. The Bi thin
lms were then placed in the ask under N2, annealed for 1 h
and le to cool to room temperature. Solutions of 1-dodeca-
nethiol (Sigma-Aldrich, $98%) in isopropanol (IPA) were
prepared, with concentrations ranging from 1 to 100 mM. The
solutions were degassed using three freeze–pump–thaw cycles
and transferred in the sample ask using a cannula, thus pre-
venting any contact with the outer atmosphere.
Scheme 1 Depiction of the procedure for the removal of bismuth
oxide and its subsequent passivation with thiols.

This journal is © The Royal Society of Chemistry 2018
The Bi samples were le immersed in solution at room
temperature overnight aer which time the solution was
vacuum pumped out of the ask using a cannula. The samples
were then dried by gently heating the ask using a heat gun in
order to evaporate the remaining solvent. Clean IPA was pum-
ped into the sample ask to rinse any adsorbed molecules. IPA
was then removed, and the thin lm dried once again. The same
reaction procedure was also used on Bi powder (Fisher Scien-
tic, 100 mesh, 99.5% metal basis) which was used as received.
The samples were then transferred to a N2 glovebox from the
ask to a gel box which was subsequently transferred to a N2

lled sample preserver. The gel box was kept in the sample
preserver until X-ray photoelectron spectroscopy (XPS)
measurements were carried out. The exposure time during the
loading procedure into the XPS entry chamber was less than
30 s. The XPS powder samples were prepared by depositing the
reacted powder on some carbon tape. The powder was degassed
overnight in the XPS entry chamber before being analyzed. The
exposure time to air of these samples was less than 1 h. XPS data
were collected using an Oxford Applied Research Escabase®
XPS system. Survey scans were recorded between 0–1400 eV with
a step size of 0.7 eV, dwell time of 0.5 s and pass energy of
100 eV. Core level scans were acquired with a step size of 0.1 eV,
dwell time of 0.5 s and pass energy of 20 eV averaged over 20
scans. A non-monochromated Al-ka X-ray source operating at
100 W power was used for all scans. All spectra were acquired at
a take-off angle of 90� with respect to the analyser. Energy
calibration for all spectra was obtained using the C 1s line at
284.8 eV as reference data was processed using CasaXPS so-
ware where a Shirley background correction was employed.
Relative sensitivity factors used for quantication purposes are
from the CasaXPS soware library. XPS thickness measure-
ments were performed following the methodology originally
dened by Cumpson et al.,25 (see eqn (1)).

ln

�
IoSo

IsSs

�
�
�
lo

ls

�
1

lo cos q
� ln 2 ¼ ln sinh

�
t

2lo cos q

�
(1)

where Io and Is represent the respective measured peak inten-
sities of the overlayer (alkyl thiol molecules) and thin lm
peaks, So and Ss refer to the relative sensitivity factors for the
overlayer and the thin lm respectively. lo and ls are the
attenuation lengths of electrons in the overlayer and the thin
lm. q is the emission angle with respect to the surface normal.
To minimise the effect of potential errors arising from surface
roughness and inelastic scattering, a photon emission angle of
35� was used in conjunction with a 90� take-off angle with
respect to the sample normal. The peak intensity of the over-
layer peak, Io, and the peak intensity of the thin lm peak, Is,
were determined using CasaXPS soware aer a transmission
correction. The relative sensitivity factors for the thin lm peak
Ss and the overlayer peak So were also obtained from the
CasaXPS library andmanually inputted into the data processing
soware to remove instrumental factors which may affect
quantication. The local electron attenuation length (EAL) in
the overlayer, lo, was estimated, using the NIST Electron
Effective Attenuation Length database,26 to be 2.1 � 0.2 nm for
the Bi 4f component, and 1.7 � 0.2 nm for the Bi 4d5/2
RSC Adv., 2018, 8, 33368–33373 | 33369
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component. The surface was thoroughly cleaned by prolonged
sonication in anhydrous solvents prior to characterization to
remove all physisorbed species prior to analysis and to mini-
mise contributions from contaminants to the overlayer
thickness.

1H (300 MHz) and 13C (75.5 MHz) Nuclear Magnetic Reso-
nance (NMR) spectra were recorded on a Bruker Advance 300
MHz NMR spectrometer. All spectra were recorded at 300 K in
deuterated chloroform (CDCl3) using tetramethylsilane (TMS)
as an internal standard. Attenuated total reectance infrared
(ATR-FTIR) spectra were recorded using a Nicolet 6700 Infrared
Spectrometer with a VariGATR and a liquid cooled MgCdTe
detector using 3000 scans at a resolution of 2 cm�1. Spectra
were collected under p-polarisation in an ambient atmosphere.
Fig. 1 shows XPS scans of the Bi 4f core level peak for the thin
lms before and aer reaction with different concentrations of
thiol solutions. At 156.5 eV and 161.8 eV the Bi metal 4f
components are present27 and at 158.6 eV and 163.4 eV Bi–X 4f
components28 are present, where X is a heteroatom, in this case
O. Treatment of the Bi lms with a 1 mM 1-dodecanethiol
solution did not reduce the intensity of the Bi–X peak consid-
erably, as also shown in Table S1.† However, XPS analysis of Bi
lms treated with 10 and 100 mM thiol solutions displayed
a high Bi metal content, when the Bi peaks at 156.5 eV and
161.8 eV are compared to those of the as received sample. The
shoulder peaks at 158.6 eV and 163.4 eV, whilst usually asso-
ciated with Bi2O3, in this case are likely to be composed of both
Bi–O and by Bi–S components. This hypothesis is based on the
analysis of the thickness of the thiol-coated Bi thin lms by XPS
following the method outlined in the experimental section. The
thickness of the overlayer, calculated using the Bi–X shoulder as
the overlayer peak and the Bi 4f7/2 peak as the thin lm peak,
was approximately 0.95 � 0.10 nm. The thickness of the oxide
calculated using the O 1s Bi2O3 component as the overlayer
peak and the Bi 4d5/2 peak as the thin lm peak was found to be
0.43 � 0.05 nm. This discrepancy in thickness is likely due to S
Fig. 1 Overlaid XPS spectra of Bi 4f core level after reaction with 1-
dodecanethiol solutions at different concentrations. Graphs have been
normalised to the maximum of the as-received sample to underline
the oxide reduction effect.

33370 | RSC Adv., 2018, 8, 33368–33373
also bound to surface Bi atoms, thus leading to a Bi 4f shoulder
peak that was more intense due to contributions from both
components, i.e. Bi–S and Bi–O.

Fig. 2 shows an ATR-FTIR scan of the Bi thin lm surface
before and aer the functionalisation process. The solvent-
cleaned as-received Bi thin lms presents vibrations only due
to adventitious carbon adsorbed on the surface. Aer func-
tionalisation and air exposure, multiple vibrations were
observed at 2993 and 2909 cm�1, arising from C–H stretches
and vibrations from the aliphatic carbon chains of the thiol
molecules. In the ngerprint region between 1500–750 cm�1

there are the two peaks associated with the asymmetric
stretching of SO2 at 1367 cm

�1 and 1174 cm�1 and one peak due
to symmetric stretching at 1083 cm�1.29 This data suggests that
the outer facing thiols from the second adsorbed layer, due to
the oxidative environment created by the Bi2O3/Bi pair,30,31 are
readily oxidised to their sulfonic acid equivalents. Surface
bound thiols are known to progressively oxidise to sulfonic
acids in the presence of strong oxidative environments.32,33

Bi(III) likely catalyses the formation of a disulphide bond
between two 1-dodecanethiol molecules, similarly to what has
already been observed for copper34 with water as a by-product.

As the sample/solution system is kept under N2, the oxide
layer cannot form again and is consumed.30 Once the bare Bi
surface is exposed, the thiol passivates the surface as the Bi–S
bond is thermodynamically more favourable than the Bi–O
bond.35,36 To conrm this mechanism, further experiments were
undertaken on Bi powder. The powder samples, which pre-
sented a bismuth oxide : bismuth ratio similar to that of the
lms (see Table S1†), were annealed at 180 �C for 1 h, under
similar conditions to the Bi-coated Si substrates. The annealed
powder samples were then immersed in 1-dodecanethiol solu-
tions made in IPA and le in air in order to promote re-
oxidation. Aer approximately 3 h, the solutions changed
colour from colourless to yellow, and a precipitate was formed
which was collected and dissolved in CDCl3 for NMR analysis
(See Fig. S1†). NMR data for the as-received 1-dodecanethiol was
also collected and used for comparison to check for the pres-
ence of starting material at the end of the reaction.
Fig. 2 IR spectra of Bi surface before and after functionalisation.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 NMR spectra of (a) the as-received 1-dodecanethiol used for
the reaction and (b) the dodecyldisulfide product found after reacting
1-dodecanethiol solution with bismuth powder.
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Fig. 3(a) shows an NMR spectrum for the as-received 1-
dodecanethiol; a quartet resonating at 2.51 ppm (J ¼ 7.33 Hz),
arising from the a-methylene group of the thiol group was
identied. The b-methylene and the thiol proton resonate at
1.60 ppm (quintet, J ¼ 7.58 Hz) and 1.39 ppm (unresolved
multiplet) respectively, the methyl of the C12 carbon is found at
0.87 ppm (triplet, J¼ 6.90 Hz) and the remaining protons on C3–
C11 form an unresolved multiplet at 1.26 ppm.37 Fig. 3(b) shows
an NMR spectrum of the reaction product formed upon reacting
1-dodecanethiol with Bi powder; two a-methylene groups from
a disulphide moiety resonate as a triplet at 2.68 ppm (J ¼ 7.35
Hz); two b-methylene groups resonate at 1.67 ppm (quintet, J ¼
7.31 Hz) and between 1.26 and 1.39 ppm there is an unresolved
multiplet formed by the protons on the two alkyl chains. The
remaining twomethyl groups at the end of the chains resonate at
0.88 ppm (triplet, J ¼ 6.70 Hz).38 No starting material was
observed in the nal NMR spectra, as the characteristic a-meth-
ylene quartet was not apparent. The reaction carried out with the
Fig. 4 (a) XPS spectra of Bi 4f core level at different times after functiona
after reaction to outline the reoxidation process. (b) O 1s core level XPS s
highlighted.

This journal is © The Royal Society of Chemistry 2018
Bi powder in air can proceed indenitely until all the starting
material is oxidized; the powder is in fact allowed to re-oxidize,
unlike under N2, thus catalysing the reaction. No precipitate or
change in colour of the solution was observed when thiol
passivation was undertaken on Bi thin lms le in air, probably
due to the much smaller surface area of Bi on a compared to the
powder form, limiting the oxidation of a noticeable quantity of
thiols. This might also explain why at low thiol concentrations
only a small reduction of oxide was observed, as most of the
thiols in solution are probably oxidized while removing the outer
oxide layer, leaving only few molecules available to passivate the
Bi lms. Using concentrations higher than 100 mM led to visible
corrosion of the surface of the sample; therefore, the optimum
level was found to be 10 mM as it gave the highest oxide reduc-
tion without affecting surface quality.

Functionalised Bi thin lm samples were then le in air and
re-measured using XPS to check the extent of re-oxidation over
time. Fig. 4(a) shows a comparison of the Bi 4f core level peaks of
a 100 mM functionalised sample aer 1 h, 2 days and 10 days of
air exposure. The increase in intensity of the shoulder peaks at
159.3 eV and 164.6 eV arises from oxidation of exposed areas of
the thin lm, due to the non-continuity of the thiol lm formed,
as shown by AFM (see Fig. S2†). Fig. 4(b) shows the O 1s peak of
thiol functionalised samples before and aer air exposure. At
530.3 eV the Bi2O3 component increases in intensity aer air
exposure,39 further proof that part of the surface undergoes re-
oxidation. This increase is accompanied by a general decrease
in intensity in the two components at 532.6 eV (ref. 40 and 41)
and 534.7 eV;42 likely belonging to O–H/S–O andH2O respectively.
The hydroxyl arising from H-termination of the oxidised areas of
the sample, the sulfoxide from likely oxidation of the outer facing
thiol groups and the water from adsorption on the layer of the
reaction by-product due to hydrophilicity of the outer facing thiol
group.43,44 However, even aer 10 days in air, there was no
noticeable changes compared to a 1 h air exposure. Based on this
data, an interdigitated “bilayer” of thiols is likely to be present; it
lisation. Graphs have been normalised to the maximum of the sample
pectra before and after reoxidation with main component peaks being

RSC Adv., 2018, 8, 33368–33373 | 33371
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has already previously been shown that these “bilayer” structures
can be easily formed both on nanoparticles45,46 and on 2-D lms47

when using a polar solvent. Moreover, a previous study on silver
colloidal nanoparticles48 has shown that an excess of precursor
molecules can lead to bilayer structures which in turn lead to an
increase in the ambient stability. In a similar fashion, Cu func-
tionalisation with excess thiols, leads to multilayer formation of
self-assembled copper thiolate layers.34 This hypothesis is further
corroborated by the thickness measurements which has quanti-
ed a total carbon layer thickness of 4.3� 0.5 nm, which equates
to about 2.7 1-dodecanethiol monolayers. This conguration
prevents further surface oxidation, thus allowing the bismuth to
bemore stable in air. In contrast, an unpassivated bismuthmetal
surface obtained by reactive ion etching (RIE), completely re-
oxidizes in air aer a 2 min exposure with oxidation levels
comparable to the as received sample. Bi powder samples were
also functionalized under N2 in a ask under similar conditions.
The XPS analysis showed that the total content of oxide was
reduced, although not to the same extent as for the thin lm
samples (see Fig. S3†); this is because of the higher oxide surface
area of the powder, which in turn requires a higher number of
thiol molecules to for oxide removal. In addition, as it was not
possible to disperse the powder during the reaction, the thiol
solution did not completely cover all the oxide surface available
for the reaction.

Conclusions

In conclusion, the data reported in this paper shows for the rst
time that oxide removal and stabilisation of nanoscale bismuth
lms is possible outside of a vacuum environment using a wet
chemistry approach using the self-assembly of 1-dodecanethiol
as a passivating agent. Aer 1 h there was some re-oxidation of
the surface however aer this point it was shown that the surface
remained stable for up to 10 days, as opposed to 2 min for
unpassivated surfaces. The mechanism of oxide removal took
place through a bismuth oxide-catalysed thiol oxidation reaction,
resulting in the exposure of bare Bi surfaces that were readily
passivated by thiol molecules. While there is a basic under-
standing of the possible mechanisms behind the passivation
reaction and oxidation resistance, there is still potential for
improvement of the quality of the layer for example by employing
different length thiol molecules as longer thiols have been shown
to bemore effective in lowering thin lm re-oxidation rates.21 The
easiness of the method and low cost of the precursors make it
also potentially attractive for future large-scale production
processes where scaling up will be required.
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